Introduction
The development of new materials has been required concerning the application on modern and alternative devices associated to the world energy problem. This problem is not only related to energy shortages, but also to energy sources to minimize the environmental impact [1] . In this context, supercapacitors have played an outstanding role in research energy groups, with new promising approaches to produce renewable energy sources besides reducing environmental problems. Supercapacitors and batteries are considered as energy storage devices of equal significance, due to their complementary modes of operation. However, there are distinctions between them with respect to charge storage mechanisms. In the case of supercapacitors there are two possible mechanisms for energy storage: (1) firstly, by the accumulation of charge on the surfaces of the active material, where this process occurs by the electrostatic charge accommodation at the electrical double-layer, through the adsorption of the electrolyte ions on the surfaces of electrically stimulated carbon-based materials; (2) secondly, by the fast and reversible redox or Faradaic reactions during the oxidation/reduction process, where the devices are called as pseudocapacitors, whose electrodes are made up by transition metal-oxides, hydroxides, and/or conducting polymers oxides or conducting polymers, [2] [3] [4] [5] [6] . Recently, supercapacitors have played an increasingly important role in applications such as the auxiliary power source in combination with battery electric and hybrid vehicles [6] , because they exhibit power densities which are about ten times higher than those of batteries, showing excellent cycling stability even after hundreds of thousands of charge/discharge cycles. Other applications which include their use are: short-time power source for mobile electronic devices, backup power sources for computer memory, cell phones [7] , laser pulse, etc., [2, 8] which are highly time dependent [3] . Various materials have been studied for applications in supercapacitor such as: (i) carbon; (ii) transition metal oxides, ruthenium and iridium; and (iii) conducting polymers. Among them, conducting polymers are one of the most studied due to their characteristics, such as high electrical conductivity, electrochemical reversibility, low weight, and stability in the air [2] [3] [4] [5] [6] [7] . Particularly, cconducting polymers such as polyaniline (PAni) [9, 10] , polypyrrole [11, 12] , poly(ethylenedioxythiophene) polythiophene [4] have appeared as the most cited in literature. In this context, PAni is a very promising candidate for practical applications due to its reversible control of electrical properties by both charge-transfer doping and protonation, good processability, environmental stability, and low cost.
A major inconvenience in the application of conducting polymers as electrodes in power devices is related to their low stability during cycling, due to the volume changes of the films with the doping/undoping process. This process causes dilatation/reduction on the film volume, breaking its morphology, and, consequently, harming its conductive properties. This stress, which happens during the charge/discharge process of the conducting polymer, occurs mainly when it is polymerized as random form, i.e. with a large amount of crosslinking. To reduce this effect, many authors have used a matrix that serves as a template during the polymer growth [13, 14] . In this case, the carbonaceous materials have proved to be a great material to orient the conducting polymer polymerization, such as carbon nanotube, carbon fibers and others.
The synthesis of conducting polymer on carbonaceous material has been cited in the literature by reporting the improvement of its electrical conductivity as well as its mechanical properties in comparison to those of the original polymer matrix [15] [16] [17] [18] [19] [20] [21] . Recently, the use of porous carbon, carbon nanotubes, or even graphene as a nano-architectural template for synthesis of nano-sized PAni has been reported to enable exceptional conductive properties and to mitigate the cycle degradation issues caused by PAni mechanical problems [14, 21] . Taking into consideration the above revision, this work presents the PAni deposition on CF through a chemical polymerization at different deposition times of 30, 60 and 90 min leading to different mass of the conducting polymers on CF matrix. The CF/ PAni composites were morphologically and physically characterized by scanning electron microscopy and the Raman spectroscopy, respectively. Their electrochemical responses were analyzed by cyclic voltammetry (CV), galvanostatic test, and electrochemical impedance spectroscopy (EIS) measurements.
Taking into account the techniques mentioned above, the EIS is considered a major one because it provides important information about the electrode interface reactions. The impedance response of electrodes rarely shows the ideal response except for single electrochemical reactions. In the case of materials with heterogeneous surfaces such as composites, the CPE defines inhomogeneity of the surface in the electrochemical EIS experiments and it is reasonable to expect that a better fit for real system is obtained by using CPE [22, 23] . The impedance of the constant phase elements is a power-law dependent interfacial capacity defined in Equation 1 as:
where Q is the frequency independent constant relating to the surface electro active properties, ω is the radial frequency, the exponent n arises from the slope and its value may change in the range -1≤ n ≤ 1, which it is estimated from the slope plot of log Z vs. log ω . When n = 0, the CPE behaves as a pure resistor. When n=1 CPE behaves as a pure capacitor and Q has units of a capacitance, and represents the capacity of the interface. When n=-1 CPE behaves as an inductor; while n=0.5 corresponds to Warburg impedance (Z w ), which is associated with the domain of the mass transport control arising from the ions diffusion from the electrode/electrolyte interface. Generally, the CPE has been associated to several factors, such as the morphology of the electrode, the presence of the porous, the roughness of polycrystalline material, and the distribution of the relaxation time due to the heterogeneities existing at the electrode/electrolyte interface [24] . From the analysis of these elements, it is possible to investigate the electrochemical behaviour of the electrodes and their applicability.
Experimental
The CFs were cut in the size of 2×1 cm and weighted. Six samples were prepared for each synthesis, simultaneously. The fibers were fixed at platinum wire and placed in a solution containing purified aniline (Aldrich) by simple distillation (three times) (12.6 mmol L HCl, obtaining the conduction sate of the PAni (emeraldine), and deionized water and ethanol several times until the filtrate became colorless. All samples were dried under vacuum for 24 h. After completely dried, the samples were weighed using an analytical balance.
The PAni powder was also synthesized by chemical polymerization using the same solutions of the composites to produce the PAni electrode. The oxidizing agent solution was added with vigorous stirring for 90 min. The precipitate was collected by filtration, and then washed with 1 mol L -1 HCl, obtaining the conducting state of the PAni (emeraldine). The PAni electrode was prepared by mixing the PAni powder (90% wt.) with poly vinylidene fluoride (PVDF) (10% wt. MW = 10 5 g mol -1 ) in N.N.-dimethyl acetamide. The films were obtained by painting the platinum electrode. Prior to the use, the electrodes were dried at room temperature for 72 h.
The morphological characterization was carried out by scanning electron microscopy (SEM) JEOL model JSM-5900LV. The Raman spectra were recorded using a micro -Raman scattering spectroscopy (Renishaw microscope system 2000) in backscattering configuration at room temperature employing 514.5 nm Ar ion laser.
The composite electrodes were characterized by cyclic voltammetry, by chronopotenciometry, and by electrochemical impedance spectroscopy experiments in the 1.0 mol L −1 H 2 SO 4 solution. The cyclic voltammograms were acquired in a potential scan of the -0.1 ≤ E ≤ 0.78 V vs. Ag/AgCl with several scan rates (1, 5, 10, 25, 50, 75 and 100mV/s). The charge-discharge curves were obtained at three different current densities (±0.50, ±0.75 and 1 ± 1mA cm -2 ) within the potential window -0.1V-0.75V vs Ag/AgCl. All the impedance spectra were recorded at an open circuit potential. The impedance spectra were recorded by applying the ac amplitude of 10 mV and the data were collected in the frequency range from 10 5 to 10 -3 Hz. The impedance data were analyzed using the Boukamp's fitting program [23, 24] . All the electrochemical data were obtained with an AUTOLAB -PGSTAT30 potentiostat system.
Results and Discussion
The SEM images of CF, of PAni powder, and of CF/PAni composites are shown in Figure 1 This complete coverage by the PAni on the CF is related to the Van der Waals interaction between CFs and the PAni by effective interaction between the π-bonds of the aromatic ring of PAni and CF. This interaction facilitates the growth of a homogeneous conductive polymer on the carbon fiber, due to the electronic conductivity increase provided by CF.
The PAni thickness increase on the carbon fiber was observed as the deposition time increased. For CF/PAni-30, a homogeneous coating of the nanometer thickness (84 nm) appeared covering the entire CF surface. Nonetheless, for composites deposited for 60 and 90 min, the presence of agglomerates among the carbon fibers also occurred.
The thickness values of CF/PAni-60 and CF/PAni-90 were around 0.28 and 1.32 µm, respectively. This is an indication of their nanometric characteristics loss.
CF/PAni composites, carbon fiber, and PAni powder were also characterized by Raman spectroscopy as shown in Figure 2 . Raman spectroscopy provides an extremely useful tool to characterize PAni. With this technique it is possible to obtain the structural information, the oxidation state, the doping, the crosslinking as well as the chain conformation of the polymeric compounds [22, 23, 25] . The spectrum (a) refers to CF electrode with a profile graphite-like material [26, 27] , showing two bands: D (~1352 cm −1 ), G (~1582 cm −1 ). Nonetheless, the spectrum (a) is compatible with PAN-based CF, i.e., it is the structure of the carbon fibers obtained from polyacrylonitrile precursor graphitized at temperatures around 1000 °C [27] [28] [29] , as expected. For all composites analyzed, the spectra are dominated by the PAni spectrum and exhibit characteristic bands of conducting species, mainly CF/PAni-30. The C-N + band, which is characteristic of emeraldine salt was associated to the splitting in 1320-1370 cm -1 [30] . Nascimento et al. have associated the bands around 1324-1375 cm -1 to C-N + of polarons having different conjugation lengths [31] . In general, the CF/PAni composite spectra were dominated by the PAni behavior indicating a good coating of the conducting polymer on the carbon fibers for the three kinds of composites studied. Considering the spectra region from 1100 to 1210 cm -1 , all spectra show the band at 1160 cm -1 that correspond to the C-H bending. This band is commonly characterized by the high degree of the PAni oxidation. In addition, for CF/PAni-30 composite, the spectrum is quite different and presents the bands at 1630 cm -1 and at 575 cm -1 , which may be associated with the deformation of cross-linkages with a phenazine configuration. These bands were not verified for CF/PAni-60 and CF/PAni-90. Moreover, for these composites, the presence of a strong band at 1480 cm -1 is observed and associated to the C=N stretching in quinoid segments. Also, the peak at 1220 cm -1 is ascribed to C-N stretching in the benzoid segments. In the range from 1500 cm -1 to 1650 cm -1 different C-C stretching bands may be assigned to the quinone, phenyl and to semi-quinone structure [32, 33] . The electrochemical performance of CF, PAni powder, and CF/PAni composites was analyzed by cyclic voltammetry. Figure 3 shows the cyclic voltamograms of all materials, normalized by the mass of each sample. The cycle performance was not investigated over 0.78 V vs. Ag/AgCl to avoid the PAni degradation. The results show that the CF has a purely capacitive profile assigned to its electric double layer formation (Figure 3 inset) . At lower potentials, the reduction process of hydrogen can be observed.
The cyclic voltammetry of the PAni powder shows a poorly defined single redox peak, which has been assigned to the conversion of leucoemeraldine/emeraldine states [32] . The emeraldine/pernigraniline transition was not observed in the cyclic voltammogram of Figure 3 . Probably, during the PAni electrode formation, the agglomerates were not totally separated making the visualization of other redox couples difficult. Besides, the cyclic voltamograms were performed in the range of potential below the emeraldine/ pernigraniline transition to prevent the PAni overoxidation.
For CF/PAni -30, cyclic voltammograms showed peaks attributed to different oxidation states of PAni. The redox peaks, at a and at a' are assigned to the conversion of leucoemeraldine/emeraldine states at 0.27 and at 0.07V vs. Ag/AgCl, and the beginning of the b and b' peaks are related to the conversion between esmeraldine/pernigraniline. Intermediate peaks were noticed in the region of 0.4 and 0.6 V vs. Ag/AgCl (c / c` and d / d ') which have been attributed to the benzoquinone / hydroquinone (BQ/HQ) pair and to the redox reaction of ortho-aminophenol (PAP) and benzoquinoline (IQ), respectively [34] . These processes were related to the PAni degradation.
The PAni redox pairs were not observed for the voltammograms of CF/PAni-60 and CF/PAni-90 due to the presence of the capacitive charging development. This process is characterized by the rectangular format of the voltammograms [24] . This fact can be attributed to the increase of the deposition time that causes a disorder in the polymer chains during the PAni film growth and may prevent the faradic processes. CF/PAni-30 composite has the lowest amount of conductive polymer mass, and it presented the highest charge storage capacity. This fact could be related to the close contact of the PAni layer with the carbon fiber facilitating the faradic transport and the capacitive charge across the composite bulk.
The cyclic voltammograms for CF/PAni-30 and for CF/PAni-60 composites at different scan rates are shown in Figures 4 and 5 , respectively. For both electrodes an increase in the peak current (ip) as well as a peak current shift as a function of the scan rate increase were observed. Nonetheless, it is important to point out that for CF/PAni-60 at scan rates higher than 75 mV.s -1 the peak currents disappeared and the redox process was not evident. Similar behavior was observed for CF/PAni -90 composite in the whole range of scan rate studied (not shown) as a reversibility loss.
Firstly, the electrochemical reversibility was evaluated by the ratio between the anodic and the cathodic charges (qa/qc). For a reversible system, the qa/qc must be equal to 1 and it is independent of the scan rate. The CF/PAni-30 composite showed an excellent electrochemical reversibility presenting a qa/qc ratio close to 1 even at high scan ratios. The qa/qc ratio showed a decrease from 1 to 0.85 at 75 mVs -1 for the CF/PAni-60 composite. In addition, for CF/PAni-30 and CF/PAni-60-composites the anodic peak shifted to a more negative potential while the cathodic peak shifted to a more positive potential, as expected for quasi-reversible systems [35] . However, it was observed that for the same scan rate ΔEp is larger for CF/PAni-60 than that for CF/PAni-30. This means that not all ions, which were inserted in the CF/PAni -60 at electroactive sites during the charge process, came out for the discharge process leading to a slower kinetics for this electrode.
The deformations observed in the voltammograms, mainly for scan rate higher than 50 mVs -1 , can be associated to the electroactivity of these materials and, therefore, to the conformation of polymer chains during the polymerization process. Particularly, for CF/PAni-30 composite, its lowest voltammogram deformation is associated to its strong electroactivity. This behavior may be explained taking into account the high uniformity of its polymeric layer (Figure 1c ) also associated to its high conductivity confirmed by the Raman features that are very similar to those of the PAni powder (Figure 2b) .
The electrochemical characteristics of these materials, taking into account their electrode/electrolyte interfaces, were also investigated by electrochemical impedance spectroscopy (EIS) at an open circuit potential. The EIS of CF, PAni, and CF/PAni composites were obtained in the range from 10 -3 to 10 5 Hz. The spectra presented in Figure 6 show the electrolytic properties at high frequency region while at mid frequency region the impedance response is associated with the electrode/electrolyte interface. The semicircle intersections with the real axis (Z') at high and at mid frequencies allow finding out the electrolyte and charge transfer resistances (R e and R ct ), respectively.
In the low frequency regime, two different regions may occur. In the first region, the impedance response, ideally at 45° straight line (Warburg impedance), represents the mass transfer parameters of the electrochemical doping process. In this region, the impedance is controlled by the counter-ions diffusion inside the composite electrode [36] .
In the second region, the mass transport is limited, and the charge accumulation is favored indicating a pure capacitor behavior. In this case, the diffusion layer involves the entire electrode thickness. Particularly, the response (ideally at 90° straight line) shows that CF/PAni composites resemble a pure capacitor.
In order to analyse EIS results, the data were fitted using the equivalent circuit shown in Figure 7 , where R E and R CT are the electrolyte and the charge-transfer resistances. The CPE 1 , the CPE 2 , and the CPE 3 are the constant phase elements [36] . The CPE was introduced as a replacement for the capacity in EIS measurements and are commonly used.
The fitting results based on the proposed equivalent circuit of R ct and C dl values are shown in Figure 8 . We can clearly observe that the PAni insertion on the CF drastically decreased the Rct value getting too close to the Rct value of PAni powder. The Rct value for CF/PAni-30 was lower than those for CF/PAni-60 and CF/PAni-90 composites. This result also supports the hypothesis that a more cohesive interface is formed between the CF and PAni for deposition time of 30 min. Also, we can see that the double layer capacitance values for all composites were much higher than those obtained by their pure components, showing the synergism of this synthesis [37] .
A complementary analysis of the superior response of CF/PAni-30 electrode can also be observed in Figure 9 by the evaluated diffusion coefficient for PAni and for CF/PAni composite electrodes, from EIS measurements. The diffusion coefficient drastically increased when PAni is in the composite form also varying as a function of the polymer thickness with its maximum for the CF/PAni-30 electrode.
The specific capacitance of CF, PAni, and CF/PAni composites were obtained using galvanostatic chargingdischarging cycling of the electrodes for three different current densities. These results are shown in Figure 10 for current density of ±1.0 mA.
The CF/PAni composites showed good symmetry between the charge/discharge processes. For the electrodes of pure components, i.e. CF and PAni, we can observe that the time of the charge/discharge process is much shorter than those observed for the composite electrodes. 
where Csp is the specific capacitance [Fg -1 ], I is the charge/ discharge current, t is the charge/discharge time, ΔV is the voltage difference between the upper and the lower potential limits, and m is the mass of active material. The CF and the PAni electrodes showed lower specific capacitance values than those for the composite electrodes (C spCF = 4.77 and C spPAni = 20.14 Fg -1 ). In addition, as observed in the cyclic voltammetry, the highest specific capacitance was obtained for CF/PAni-30 composite, (∼C sp =180 Fg -1 ), making it a very strong candidate as supercapacitor electrode.
Conclusion
The CF/PAni composites from chemical synthesis process, at different deposition times, were obtained and characterized with success. From SEM analyses, CF/PAni-60 and CF/PAni -90 composites showed a micrometric thickness with polymeric clusters among the fibers. However, for CF/PAni-30 composite a nanometric thickness with a homogeneous morphology was obtained. The Raman spectra showed that the CF/PAni-30 composite seems to be more conductive than the other composites due to its more similar features to that for PAni itself. This fact was evidenced by the radical cation band, quite pronounced in this material. From cyclic voltammetry, it was possible to verify the highest electroactivity of the CF/PAni-30, due to its best electrochemical reversibility in the whole range of scan rates analyzed. This fact was confirmed by the EIS results, where CF/PAni-30 composite depicted the lowest charge transfer resistance value associated to its highest values for the double layer capacitance and for the diffusion coefficient. Furthermore, the charge/discharge testing showed a specific capacitance around 180 Fg -1 for the CF/PAni-30 composite. These results showed that an effective coverage of PAni film on CF matrix occurred in the case of the CF/PAni-30 composite, promoting a decrease in the charge transfer resistance, making its charge/discharge process faster and more effective.
